Abstract: For neutron scattering research that is performed under extreme conditions, such as high static pressures, high-strength metals that are transparent to the neutron beam are required. The diffraction of the neutron beam by the metal, which follows Bragg's law, can be completely removed by alloying two metallic elements that have coherent scattering lengths with opposite signs. An alloy of Ti and Zr, which is known as a TiZr null-matrix alloy, is an ideal combination for such purposes. In this study, we increased the hardness of a TiZr null-matrix alloy via extensive mechanical deformation at high temperatures. We successfully used the resulting product in a high-pressure cell designed for high-static-pressure neutron scattering. This hardened TiZr null-matrix alloy may play a complementary role to normal TiZr alloy in future neutron scattering research under extreme conditions.
Introduction
To conduct neutron scattering research under extreme conditions, such as neutron diffraction at high static pressures, metals that are transparent to neutrons and have a large mechanical strength are required for creating suitable sample environments [1] . The ideal metals for such applications should have small coherent and incoherent scattering lengths to reduce both the Bragg diffraction and background signals. The coherent scattering length of a metal can be minimized by preparing an alloy of two elements that have coherent scattering lengths with opposite signs. Such alloys are collectively called "null-matrix alloys", and the representatives are Mn (68 atom %) and Cu (32 atom %), which are ductile and soft [2] , and Ti (68 atom %) and Zr (32 atom %), which are brittle and hard [3] . The latter Ti68Zr32 alloy (hereinafter referred to as TiZr) has been extensively used to fabricate metal gaskets for compressing samples in high-pressure environments, which are essential components of typical high-pressure cells designed for crystal structure analysis [4] [5] [6] . TiZr has the highest mechanical strength as a null-matrix alloy, which is roughly comparable to that of stainless steels [1] . TiZr also exhibits a moderate elongation of 6%-8% to be used in the aforementioned application [7] .
In this study, by considering the unique properties of TiZr, we attempted to further enhance its mechanical properties while maintaining its null-scattering behavior via extensive mechanical deformation at high temperatures at ambient pressure. After preparing and analyzing the resulting product, we tested the applicability of the treated alloy to high-static-pressure experiments by using it in a high-pressure cell designed for neutron scattering.
Experimental Methods
While a structural phase transition of TiZr null-matrix alloy was observed to occur as the effect of high static pressure [8] , the effects of extensive deformation on its physical properties has not yet been studied. The metallographic textures and mechanical properties of Ti-Zr two-component α-alloy system can be modified and improved by subjecting them to plastic deformations (via mechanical forging) [9] . Therefore, here we prepared a cast billet of TiZr and applied extensive plastic deformation for it at ambient pressure [10, 11] . A total of 85 kg of the TiZr alloy was cast and forged as a custom-made commercial order to Daido Bunseki Research, Inc. (Nagoya, Japan). In detail, the weighted Ti-and Zr-containing precursors were first melted together in a plasma progressive-casting furnace, where an electrode for the subsequent vacuum arc remelting (VAR) procedure was prepared. The electrode was then subjected to the VAR procedure, which produced a homogenized ingot after the remelting and recooling. The appearance of the ingot is shown in Figure 1 , while the composition is shown in Table 1 . The VAR-fabricated TiZr ingot was then polished to remove any macroscopic cracks in the surface. An evacuated steel sheath was used to subject the billet to vacuum conditions during the forging process, which is an effective method for preventing the oxidation of the ingot. The ingot-containing steel sheath was heated to approximately 1100 °C and then forged immediately. The diameter of the ingot was then reduced to approximately 100 mm as the temperature decreased to around 700 °C.
The thinned ingot ( Figure 2 ) was then cut, re-sealed in another steel sheath, and forged again into a number of cylinders with diameters of 20-30 mm. This process was conducted at temperatures within the β-phase field, and the final products were air-cooled into the α-phase [12] . The final products had a forging ratio (F0/F) of more than 60, or e = ln(F0/F) = 4-5, where F0 and F are the initial and final cross-sectional areas, respectively. These values were sufficient to produce the desired metallographic texture. Hereinafter, we will refer to the final products as "f-TiZr", where the "f" indicates that the resulting products were both "forged" and "finely textured".
Figure 2.
Photograph of the forged ingot that is approximately 100 mm in diameter, which was mechanically thinned from the VAR-fabricated TiZr ingot that was 240 mm in diameter.
The metallographic textures and elemental concentration maps of the f-TiZr alloy were obtained with a field-emission scanning electron microscopy (FE-SEM; JEOL JSM-7001F, Akishima, Tokyo, Japan) setup that was capable of performing energy dispersive X-ray spectroscopy (EDS). The micro-Vickers hardness of the alloy was measured using a micro hardness tester with 300 g to 500 g of the applied force (Mitsutoyo HM-221, Kawasaki, Japan). Powder X-ray diffraction (XRD; Rigaku Smartlab, Akishima, Tokyo, Japan) was used to analyze the crystal structure, while neutron powder diffraction (NPD) was used to evaluate the coherent neutron scattering. The XRD patterns were obtained by using the para-focusing method with Cu Kα1 radiation operated at 40 kV and 30 mA. The NPD patterns were obtained with an iMATERIA pulsed-neutron powder diffractometer at the Materials and Life Science Experimental Facility of the Japan Proton Accelerator Research Complex (J-PARC; Tokai, Japan). The neutron diffractometer covered a wide range of d-values (0.26-40 Å) in the double-frame operating mode [13] .
We expected that the toughness and elongation of the f-TiZr would not be sufficient for certain applications that involve extensive deformations of the metal. Therefore, some of the samples were cut from the forged TiZr ingot with 100 mm in diameter ( Figure 2 ) and were annealed and furnace-cooled at 660 °C for 6 h in an Ar atmosphere using a gas convertible vacuum furnace (FUA112DB, Advantec Toyo Kaisya, Ltd., Tokyo, Japan), which is an effective method for increasing the toughness and elongation of the alloy while reducing its hardness [9] . Figure 3 shows typical cross-sectional SEM images of the VAR-fabricated TiZr ingot before it was forged. The back-scattered electron images show a contrast on the averaged atomic number, where the compositional heterogeneity is heavily emphasized. Upon cooling the ingot after its solidification, the temperature passes through the phase boundary between the body-centered cubic Im3m (β) phase and the hexagonal close-packed P63/mmc (α) phase, causing the recrystallization of α-platelets. This in turn creates the Widmanstä tten patterns, which are similar to that observed in some furnace-cooled Ti-Zr alloys with different compositions [9] . The typical lamellar width in the VAR-fabricated TiZr ingot was 5-50 μm. TiZr alloys with such textures have been used as null-matrix alloys for neutron scattering. Figure 4 shows SEM images and elemental concentration maps of a polished cross section of the f-TiZr alloy, which was cut from a forged cylinder that was 20 mm in diameter. The very fine metallographic textures shown in these images should be effective to increase the hardness and strength of the metal [14] , which has been repeatedly confirmed by previous studies, including those of Ti-based alloy systems [15] [16] [17] [18] . This is also shown in our measurements of micro-Vickers hardness of the f-TiZr alloy at Hv = 339, which is significantly higher than that of non-forged Ti60Zr40 or Ti70Zr30 alloy with Hv = 230~280 [19] . The typical width of the α-platelets in the f-TiZr alloy was 0.1-0.5 μm, which is approximately two orders of magnitude finer than that observed in the VAR-fabricated TiZr ingot (Figure 3) . Figure 5 shows a typical XRD pattern of the f-TiZr alloy. All of the reflections were successfully indexed to those of the α-phase, as indicated by the indices of each peak. A significant broadening of these reflections is consistent with a large internal strain within the α-platelets; this strain is essential for extensively hardening α-Ti alloys [9, 19, 20] . Figure 6 shows the NPD patterns of the f-TiZr alloy. The patterns show that there are no diffraction peaks from the f-TiZr for the range of d-values measured. Therefore, we have confirmed that the forging process performed on the TiZr alloy has not degraded its null-scattering properties. Figure 5 ). These Bragg reflections could be more evident for the TiZr used in the previous research (i.e., Figure 2 .5 in Reference [1] ). A few spurious, narrow peaks involving both negative and positive anomalies present in the profiles (at 2.93, 4.16 and 5.11 Å −1 ), which were not completely removed by the background-subtraction procedures.
Results and Discussion
These are caused by the diffraction of the sample holder, which was composed of V. Figure 7 shows SEM images and elemental concentration maps of the annealed f-TiZr alloy. The width of the lamellae is smaller than 10 μm, and thus, the lamellae have not returned to the original dimensions of the VAR-fabricated TiZr ingot. On the other hand, its well-ordered metallographic texture is similar to that of the VAR-fabricated TiZr ingot or a furnace-cooled alloy [9] . The measured micro-Vickers hardness of the annealed f-TiZr was Hv = 279, which was reduced from the original hardness of the f-TiZr (Hv = 339). 
Application of the f-TiZr Alloy
A series of experiments were conducted by fabricating deformable metallic gaskets from the f-TiZr alloy, and static pressures greater than 15 GPa were successfully generated without the gaskets fracturing. We used a newly designed high-pressure cell that was optimized for neutron-scattering measurements with strong pulsed-neutron sources [21, 22] . In brief, two anvils composed of single-crystal moissanite and sintered polycrystalline diamond with 5 mm culets were used to compress a powdered Mg(OD)2 sample, which was confined within the f-TiZr gasket (initial thickness = 1 mm) and then compressed between the two anvils to 9 GPa. The total sample volume compressed to this high pressure was approximately 3 mm 3 , which was sufficient for performing a precise structure refinement via NPD at J-PARC. The gasket was recovered after this compression experiment, and it is shown in Figure 8 . Similar to the other successful cases, the gasket has not cracked, even after the extensive deformation. The annealed f-TiZr alloy was also applied to high-pressure NPD measurements with various types of anvil geometry, the results of which were partially published elsewhere [23] . 
Conclusions
By applying extensive mechanical deformation at high temperatures to a TiZr alloy, the metallographic textures of the alloy became much finer, with the lamellae width decreasing by two orders of magnitude. The mechanical hardness of the TiZr was increased because of this change in the metallographic texture, which suggests that its strength was also increased, as previously observed in the general Ti-Zr two-component alloy system [9] . This f-TiZr alloy was successfully applied to experiments involving the generation of high static pressures, which requires the extensive deformation of the hard metal. In addition, the f-TiZr alloy was also used to fabricate a thin-walled micro-sample container, which enabled us to obtain a background-free NPD pattern with a pulsed-neutron source [24, 25] . The successful application of the f-TiZr alloy has demonstrated that forged TiZr products may play a complementary role in future neutron scattering research.
